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This evaluation. provides a complete representation of the
nuclear data needed for transport, damage, heating, :
radloact1v1ty, and shleldlng applications over the incident
proton energy range from 1 to 150 MeV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha partlcles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains.

To summarlze, the ENDF sectlons w1th non-zero data are:

. MF=3 MT= 2 Integral of nuclear plus interference components
‘ ‘ ‘“of the elastlc scatterlng cross sectlon

MT¥ lS‘HSum of blnary (n, n') and (n, x) reactions

MF=6 MT;“Z Elastlc angular dlstrlbutlons given as ratios of
N the differential nuclear-plus-interference to the
‘ 1ntegrated value

MT= 5 ‘Productlon cross sectlons and energy-angle
o distributions for emission neutrons, protons,
‘“deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable agalnst particle em1881on

" The evaluation is based on nuclear model calculations that

have been benchmarked to experlmental data, especially for n +
Al27 and p + Al27 reactions (Ch97). We use the GNASH code system
(Yo92), which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherlcal optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematics
(Kagsg) .

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96). The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93]. Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (Co67) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were calculated using the Kopecky-Uhl model (Ko90).

The optical potential of Petler (Pe85), specially developed
for n+Al elastic scatterlng, was used for neutrons up to 60 MeV,
‘and above this energy the Madland global potential (Ma88) was
used. For incident protons,‘the Petler neutron potential was
- tmodified to account for proton scattering up to 60 MeV, and
again the Madland global potential was used at higher energies.
For deuterong, the potential of Perey and Perey (Pe63) was used
at all energies, and for tritons the Becchetti and Greenlees
potential (Be71) was adopted. Finally, the potential of Arthur
and Young (Ar80), based on the work of Lemos (Le72), was used
for alpha particles at all energies. DWBA calculations were
performed for inelastic scattering to low-lying states using the
DWUCK code.

While the above optical potentials did describe the
experimental neutron and proton nonelastic cross section data
fairly well, we modified these theoretical predictions slightly
to better agree with the measurements, and renormalized the
transmission coefficients accordingly.

Both proton- and neutron-induced measurements were utilized in
validating our model and parameters used in the GNASH
calculations. Of great importance were Benck et al.'s (Be97)
measurements of charged-particle producing reactions on Al for
incident neutrons at 63 MeV at Louvain-la-Neuve, Belgium. Since
these data represent the only neutron-induced emission spectra
above 20 MeV, they have been invaluable for guiding, and
testing, our calculations. The proton, triton, and alpha
emission spectra in the Benck et al. measurements are described
very well. However, our deuteron emission calculations compare
poorly with the measurements. Fortunately this has only a small
practical impact since deuteron emission is small compared to
proton emission, and our calculated emission spectrum
approximates the measured deuteron energy deposition (productlon
cross section times average energy) reasonably well, which is
important for heating calculations. The combination of
equilibrium and preequilibrium reaction mechanisms included in
the GNASH code account for the measured data rather well.

As an independent validation of our GNASH calculations using
the exciton model, we have also performed FKK calculations. This
was done by implementing a multistep reaction theory recently
developed by Koning and Chadwick, which is particularly suited
to the simultaneous calculation of neutron and proton emission.
The FKK theory describes the forward-peaking very well, as do
our exciton model calculations using the phenomenological
Kalbach angular distribution systematics.

As part of our evaluation, extensive comparisons were made to
higher energy proton-induced measurements. In particular, the
neutron and charged-particle emission spectra measured at the
University of Maryland (Kalend et al. and Wu et al.) for 90-MeV
protons, by Meier at Los Alamos for 113-MeV protons, and
Bertrand and Peelle for 61-MeV protons are all reproduced
reasonably by the present analysis (Ch97).

« Another useful test of our model calculations, particularly
for radionuclide production, was made by comparing our
theoretical predictions of discrete gamma-ray emission in

Al27 (n,xngamma) reactions with the recent LANSCE/WNR data taken
by Vonach, Haight, and collaborators (Vo94) using the white
neutron source. Preliminary comparisons show reasonably good

agreement.
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13027 = TARGET

1000Z+a

1001 = PROJECTILE 1000Z+A
and Production cross sections for A<5 ejectiles in barns:

Nonelasti
Energy

¢, elastic,

nonelas

elastic

s
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neutron

proton

(if A=0 then elemental)

deuteron

triton

helium3

alpha

gamma

1.000E+00
2.000E+00
3.000E+00
4.000E+00
5.000E+00
6.000E+00
7.000E+00
8.000E+00
9.000E+00
1.000E+01
1.100E+01
1.200E+01
1.300E+01
1.400B+01
1.500E+01
©1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+01
2.200E+01
2.4008+01
2.600E+01
2.800E+01
3.000E+01
3.500E+01
4.000E+01
4.500E+01
5.000E+01
5.500E+01
6.000E+01
6.500E+01
7.000E+01
7.500E+01
8.000E+01
8.500®+01
9.000E+01
9.500E+01
1.000E+02
1.100m+02
1.200E+02
1.300E+02
1.400E+02
1.500E+02

13027
1001

no#

TARGET

1.352E-02
1.526E-01
3.5452-01
5.189E-01
6.190E-01
6.329E~01
6.531E-01
6.780E-01
7.062E-01
7.3258-01
7.4778-01
7.535E-01
7.578E-01
7.6168-01
7.642E-01
7.657E-01
7.666E-01
7.6678-01
7.649E-01
7.599E-01
7.444E-01
7.283E-01
7.126E-01
6.986E-01
6.859E-01
6.554E-01
6.262E-01
5.992E-01
5.748E-01
5.440E-01
5.150E-01
4.970E-01
4.796E-01
4.642E-01
4.539E-01
4.448E-01
4.358E-01
4.278E-01
4.2078-01
4.090E-01
4.006E-01
3.985E-01
3.985E-01
3.991E-01

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
5.747E-03
2.814E-02
3.811E-02
5.928E-02
7.233E-02
7.694E-02
8.131E~02
8.i51m-02
8.493E-02
8.973E-02
"9.91iE-02
1.162E-01
1.371E-01
1.565E-01
1,736E-01
1.967E-01
2.139E-01
2.241E-01
2.300E-01
2.422E-01
2.799E-01
3.163E-01
3.452E-01
3.714E-01
3.841E-01
3.940E-01
4.122E-01
4.216R-01
4.332E-01
4.472E-01
4.633E-01
4.762E~01
4.886E-01
' 4.990E-01
5.171E-01
5.346E-01
5.584E-01
5.842E-01
6.096E-01

‘ s
6.488E-07
7.321E~06
1.474E-05
1.910E-03
1.939E-02
1.342E-01
2.059E-01
2.659E-01
3.152E-01
3.630E-01
4.001E-01
4.264E-01
4.583E-01
4.851E-01
5.335E-01
5.827E-01
6.242E-01
6.540E-01
6.751E-01
6.865E-01
6.941E-01
7.077E-01
7.226E-01
7.313E-01
7.4458-01
7.585E-01
7.5158-01
7.5058-01
7.476E-01
7.376E-01
7.286E-01
7.281E-01
7.212E-01
7.265E-01
7.336E-01
7.388E-01
7.4388-01
7.463E-01
7.543E-01
7.654E-01
7.697E-01
7.9328-01
8.160E-01
8.378E-01

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
" 0.000E+00
0.000E+00
"0.000E+00
0.000E+00
0.000E+00
3.358E-06
8.491E-04
4.486E-03
1.089E-02
1.910E-02
2.795E-02
3.673E-02
4.369E-02
5.1028-02
6.377E-02
7.034E-02
7.965E-02
8.643E-02
9.262E-02
9.769E-02
9.713E-02
9.618E-02
9.334E-02
8.943E-02
8.735E-02
8.634E-02
8.587E~02
8.359E~02
8.427E-02
8.520E-02
8.490E-02
8.656E-02
8.584E-02
8.863E-02
8.917E-02
9.217E-02
9.623E-02
9.999E-02

1000Z+A  (if A=0 then elemental)
PROJECTILE 1000Z+A

Aver. lab emission energies for A<5 ejectiles in Mev:

Energy

neutron

proton

deuteron

triton

helium3

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
3.909E-05
2.261E-04
5.018E-04
1.038E-03
1.491E-03
1.982E-03
2.409E-03
3.135E-03
5.221E-03
6.974E-03
8.260E~03
1.154E-02
1.245E-02
1.295E-02
1.351E-02
1.163E-02
1.221E-02
1.283E-02
1.356E-02
1.427E-02
1.503E-02
1.587E-02
1.760E-02
1.778E-02
2.008E-02
2.258E-02
2.508E-02

alpha

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E4+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

gamma

1.000E+00
2.000E+00
3.000E+00
4.000E+00
5.000E+00
6.000E+00
7.000E+00
8.000E+00
9.000E+00
1.000E+01
1.100E+01
1.200E+01
1.300E+01
1.400E+01
1.5008+01
1.600E+01
1.700E+01
1.800E+01
1,9008+01
2.000E+01
2.2008+01
2.400E+01

0.000E+00
0.000E+00
0.000E+00
- 0.000E+00
0.000E+00
1.8858-01
1.004E+00
1.628E+00
1.7598+00
2.272E+00
2.601E+00
2.899E+00
3.254E+00
3.4418+00
3.633E+00
3.661E+00
3.537E+00
3.444E+00
3,481E+00
3.510E+00
3.881E+00
4.386E+00

1.297E-03
9.775E-01
1.135E+00
1.720E+00
2.6038+00
3.415E+00
4.0458+00
4.498E+00
4.870E+00
5.240E+00
5.555E+00
5.874E+00
6.135E+00
6.279E+00
6.375E+00
6.403E+00
6.501E+00
6.706E+00
6,959E+00
7.201E+00
7.830E+00
8.404R+00

0.000®+00
0.000E+00
0.000E+00
0.0008+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
7.261E-01
1.5478+00
2.284E+00
2.921E+00
3.455E+00
4.046E+00
4.602E+00
551362+00
5.647E+00
6.873E+00
7.967E+00

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
1.406E+00
1.984E+00
2.713E+00
3.650E+00
4.350E+00

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

5.188E-03
2.942E8+00
3.4798+00
4.1338+00
4.677E+00
5.120E+00
5.4278+00
5.734E+00
6.076E+00
6.275E+00
6.534E+00
6.729E+00
6.924E+00
7.012E+00
7.121E+00
7.093E+00
7.027E400
6.999E+00
6.974E+00
7.029E+00
7.183E+00
7.461E8+00

1.343E-02
1.516E-01
3.537E-01
5.163E-01
5.990E-01
4.923E~-01
4.185E-01
3.733E-01
3.308E-01
2.964E-01
2.7058-01
2.5008-01
2.3358-01
2.264E-01
2.0938-01
2.015E-01
1.956E-01
1.909E-01
1.871E-01
1.842E-01
1.731E-01
1.613E-01
1.455E-01
1.408E-01
1.261E-01
1.129E~01
1.096E-01
1.121E-01
1.228E~01
1.276m-01
1.3228-01
1.389E-01
1.409E-01
1.453E-01
1.5118-01
1.575E-01
1.618E-01
1.646E-01
1.67%E-01
1.720E-01
1.723g-01
1.776m-01
1.829E-01
1.870E-01

5.000E-12

1.762E+00
1.314E+00
1.304E+00
1.426E+00
1.654E+00
1.900E+00
2.137E+00
2.383E+00
2.634E+00
2.850E+00
2.654E+00
2.872E+00
3.284E+00
3.354E+00
3.329E+00
3.229E+00
3.064E+00
2.8939B+00
2.789E+00
2.479E+00
2.3608+00

1.774E-03
2.002E-02
1.319e-01
2.848E-01
4.787E-01
6.411E~01
7.506E-01
8.684E-01
9.729E-01
1.076E+00
1.162E+00
1.603E+00
1.577E+00
1.404E+00
1.364E+00
1.294E+00
1.213E+00
1.141E+00
1.095E+00
1.046E+00
1.021E+00
1.030E+00
1.023E+00
1.019E+00
1.002E+00
9.487E-01
9.147E-01
8.632E-01
8.303E8-01
7.941E-01
7.403E-01
7.146E-01
6.672E-01
6.425E-01
6.255E-01
6.016E-01
5.9098-01
5.707E-01
5.545E~01
5.328E-01
5.193E-01
5.036E-01
4.951E-01
4.898E-01



pal27.lals80.xsinfo

2.600E+01
2.8008+01
3.000E+01
3.500E+01
4.000E+01
4.500E+01
5.000E+01
5,500E+01
6.000E+01
6.500E+01
7.000E+01
7.5008+01
8.000E+01
8.500E+01
9.000E+01
9.500E+01
1.000E+02
1.100E+02
1.200E+02
1.300E+02
1.400E+02
1.5008+02

4.930E+00
5.504E+00
5.932E+00
6.933E+00
7.849E+00
8.675E+00
9.317E+00
1.008E+01
1.074E+01
1.136E+01
1.2172+01
1.286E+01
1.347E+01
1.405E+01
1.473E+01
1.5388+01
1.611E+01
1.741E+01
1.8992+01
2.042E+01
2.162E+01
2.291E+01

8.950E+00
9.496E+00
1.004E+01
1.118E+01
1.256E+01
1.365E+01
1.471E+01
1.576E+01
1.659E+01
1.751E+01
1.854E+01
1.935E+01
2.012E+01
2.0918+01
2.171E+01
2.2408+01
2.322E+01
2.471E+01
2.670E+01
2.8202+01
2.978E+01
3.135E+01
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9.168E+00
1.033E+01
1.152E+01
1.451E+01
1.782E+01
2.118E+01
2.407E+01
2.691E+01
2.971E+01
3.225E+01
3.514E+01
3.705E+01
3.935E+01
4.143E+01
4.294E+01
4.499E+01
4.602E+01
4.957E+01
5.306E+01
5.519E+01
5.758E+01
5.927E+01

5.078E+00 0.000E+00
5.760E+00 0.000E+00
6.338E+00 0.000E+00
7.664E+00 0.000E+00
8.970E+00 0.000E+00
1.015E+01 0.000E+00
1.029E+01 0.000E+00
1.131E+01 0.000E+00
1.223E+01 0.000E+00
1.302E+01 0.000E+00
1.463E+01 0.000E+00
1.512E+01 0.000E+00
1.546E+01 0.000E+00
1.559E+01 0.000E+00

1.563E+01 0.000E+00

1.557E+01 0.000E+00
1.549E+01 0.000E+00
1.514E+01 0.000E+00
1.462E+01 0.000E+00
1.413E+01 0.000E+00
1.365E+01 0.000E+00
1.328E+01 0.000E+00

7.700E+00
7.974E+00
8.336E+00
_8.721E+00
8.838E+00
8.896E+00
8.829E+00
8.807E+00
8.822E+00
8.824E+00
8.861E+00
8.907E+00
8.975E+00
8.969E+00
9.040E+00
9.122E+00
9.225E+00
9.396E+00
9.587E+00
9.790E+00
9.955E+00
1.014E+01

2

2.301E+00
2.277E+00
2.253E+00
2.183E+00
2.173E+00
2.144E+00
2.127E+00
2.127E+00
2.101E+00
2.091E+00
2.083E+00
2.099E+00
2.102E+00
2.091E+00
2.126E+00
2.103E8+00
2.129E+00
2.150E+00
2.169E+00
2.190E+00
2.203E+00
2.212E+00



p‘—]—?Al nonelasti:c‘and production cross sections
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p+ 27\ angle-integrated emission spectra
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Kalbach preequilibrium ratios
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Heating (MeV/reaction)
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